Linear spray atomization and deposition is an attractive technique to produce near-net-shape deposits, such as aluminum sheet and strip. In the present study, phase Doppler interferometry (PDI) was used in a backscatter mode to characterize, in situ, the droplet size and velocity distributions during linear spray atomization and deposition of a 3003 aluminum alloy. The PDI measurements were obtained along axes corresponding to the direction parallel to the nozzle slit and to the direction perpendicular to the slit. The PDI results delineate the temporal and spatial distribution of the droplet size and velocity during the metal spray. Both point and ''line'' measurements were obtained and are reported. The line measurements resulted from the integration of measurement made along a line scan obtained in real time (i.e., not ensemble averaged). Postrun analysis of the droplet size distribution using laser diffraction and sieving techniques is also reported. The PDI point measurements revealed that droplet size and velocity distribution were relatively invariant with time. The line measurements of droplet velocity showed that the droplet axial velocity exhibits a bimodal behavior, which becomes more apparent with increasing atomizing gas pressure, a result of droplet recirculation inside the spray chamber. In addition, the peak in the droplet axial velocity distribution increased as atomizing gas pressure increased. The line characterization also showed that the droplet size distribution became more homogeneous with increasing gas pressure, and that the distribution characteristic diameters of droplets decreased consistently with increasing gas pressure. Postrun characterization of the droplet size distribution of the entire metal spray using diffraction and sieving methods indicated that the mass (volume) median diameter D 50 and the Sauter mean diameter (SMD) D 32 decreased with increasing gas pressure in a manner consistent with PDI results.
I. INTRODUCTION
SPRAY atomization by an inert gas is a fundamental step in spray forming, a manufacturing technique in which metal droplets are sprayed onto a substrate to produce a fine-grained, microstructurally homogeneous material. [1, 2, 3] In order to produce near-net-shape deposited materials, investigators are exploring methods to control the spatial distribution of droplets in the spray. For example, experimental results indicate that, for metal sprays produced by circular atomizers, the droplet mass distribution exhibits either (1) a Gaussian distribution centered about the spray axis [4] [5] [6] [7] or (2) a bimodal distribution. [8, 9] The deposit shape resembles the spatial distribution of droplet mass arriving at the deposition surface. [5, 7, 10] To circumvent this apparent limitation, a variety of novel experimental arrangements have been developed, and it is now possible to spray form a variety of geometries, including rings, [11, 12] billets, [12, 13, 14] tubes, [12, [15] [16] [17] and cylinders. [12] More recently, however, the application of spray forming technology using a linear atomizer arrangement, also defined as linear spray atomization and deposition, has attracted considerable interest for the continuous production of Al sheet and strip as a result of economic incentives, such as reduced energy requirements, reduced costs, and improved mechanical properties compared to conventional ingot casting and hotrolling process. [18, 19] Figure 1 illustrates an approach for linear spray atomization and deposition. Potential benefits derived from the atomization of metals using a linear spray deposition approach are as follows: 1. improved droplet spatial distribution; 2. high productivity; 3. high aspect ratio (i.e., wide sheets can be produced); and 4. low overspray yields.
Droplet size and spatial distribution in the spray will also significantly affect (1) the solidification behavior of individual droplets, (2) the solidification behavior of the spraydeposited materials, and (3) the porosity volume distribution in the spray-deposited materials. In addition to size and spatial distribution, droplet velocity is also important since it determines the droplet flight time and heat transfer characteristics. Therefore, characterization of droplet size and velocity distribution may ultimately feed back to operating variables that control a metal spray. Among the techniques used to simultaneously determine droplet velocity and size distribution, phase Doppler interferometry (PDI) is the most mature. [20] Spatially resolved, in situ, measurement of droplet size and velocity using PDI provides detailed information regarding the structure of a spray, [21, 22, 23] enabling additional insight into the mechanics of the process to be gained. Although PDI is well established for the character- ization of sprays produced by a variety of techniques, [20] it has not been widely applied to sprays of the type that are of interest in spray forming metallic materials. Inspection of the literature revealed some examples of PDI measurements of droplet velocity and size distribution, as well as gas velocity, for water sprays (typically used to simulate metal sprays) produced by the circular atomizer arrangements typically used in metal spray processes [4] and for metal sprays produced by the circular atomizer arrangements. [24] [25] [26] [27] It has been reported [9, 27] that PDI characterization of the spray behavior for circular atomizer conditions showed reasonable agreement with predicted results using one-or multidimensional mathematical models. Moreover, in the case of metal sprays, evidence also suggested that conventional signal processing methods (e.g., counter processors) may not be adequate for the noisy environment encountered in metal sprays due to surface imperfections, spray density, and optical effects such as beam steering. [28, 29, 30] Therefore, state-of-the-art signal processing is desired for difficult environments, such as those typically associated with molten metals. In previous studies, [31] a fiber optic-based frequency domain system was applied to characterize water sprays produced by linear atomizers. Preliminary results [31] showed that frequency domain processing was less sensitive to detector gain than counter-based systems especially in backscatter operation as required for sizing opaque metal droplets.
The overall goal of the current study was to use PDI to characterize and establish the relationship of spray performance to spray-formed aluminum sheet during the linear spray atomization and deposition process. The objectives of the current effort are (1) acquisition of PDI measurements of the droplet velocity and size distribution in metal sprays produced by linear atomization; (2) analysis of the influence of process variables, such as atomizing gas pressure, on droplet velocity and size distribution; and (3) comparison of the powder droplet size distributions obtained by PDI, laser diffraction, and mechanical sieving.
II. EXPERIMENTAL PROCEDURES
The UCI linear spray forming facility used in the present experiments is comprised of a spray chamber (1060 mm in diameter and 2500 mm in height), linear atomizer unit, induction unit, dynamic substrate for deposition, gas manifold, gas exhaust, and powder collection system. For the atomization of 3003 aluminum alloys (Al-1.12Mn-0.57Si-0.69Fe-0.15Cu, wt pct), the ingot alloys were remelted and superheated using a 25-kW induction unit to a temperature of 150 ЊC above the equilibrium liquidus, and melts were maintained for 15 to 20 minutes to ensure uniform temperature. The weight of alloy charged for each experiment was 2.25 ‫ע‬ 1 pct kg. The melts were then allowed to fall through a liquid metal delivery nozzle by lifting the stopper inside the crucible and atomized into a distribution of micrometer-size droplets using nitrogen gas. For the present study, gas pressure drops from 310 to 379 kPa were considered. The corresponding gas flow rates were measured with a laminar flow element (Mariam Instrument, Cleveland, OH), and a summary of the measured gas flow rates is listed in Table I . To reduce oxidation, the experiments were conducted inside an environmental chamber, which was evacuated and backfilled with nitrogen to a pressure of 6895 Pa (1 psig) prior to melting and atomization. The primary atomization variables used in the present study are listed in Table I . A phase Doppler interferometer (Aerometrics RSA, Sunnyvale, CA) was used to characterize, in situ, the metal spray behavior, droplet size, and velocity simultaneously. The atomized aluminum powders were collected and sampled, and postrun analysis of droplet size and distribution of the collected powders was carried out. The droplet size distributions were determined by (1) mechanical sieving according to ASTM standard B214 and MPIF standard 5 and (2) an ensemble laser diffraction technique (Insitec EPCS, San Ramon, CA).
Phase Doppler interferometry is a single droplet counting technique which can, in principle, be used for on-line measurement of the atomized powder size and velocity. The technique is an extension of laser Doppler anemometry, in which two laser beams are intersected at the region of interest, forming an interferometric sampling volume. When a droplet passes through the sampling volume, it scatters the interference pattern into space. This scattered light is collected by a pair of detectors that are used to determine spatial and temporal frequency of the pattern. The spatial frequency is related to size and the temporal frequency is related to velocity. Figure 2 illustrates the facility setup (top view) used for the experimental measurements of droplet velocity and size using PDI. The Real Signal Analyzer transmitter and receiver were set with a 145 deg collection angle aligned with the optical view ports designed on the chamber. The laser beams passed through the optical view ports and were focused at the center of the liquid metal nozzle in line with the nozzle slit. A 750-mm focal lens was used with a 56.9-mm beam spacing resulting in an optically limited minimum measurable size of 4 m. Note that the minimum size could be further reduced if the beam spacing were further increased or shorter focal length lenses were used. In view of the optical access limitations associated with the spray chamber, the PDI sample volume was located at an axial distance of Z ϭ 152.4 mm down from the tip of the linear liquid delivery nozzle, which was the nearest distance at which measurements could be obtained for the current setup.
Since (1) PDI is inherently a point measurement and (2) each metal spray experiment run lasted only about 20 seconds, applying PDI in the conventional operating mode of one measurement point per experiment run created obvious challenges. Previous studies [32] indicated that the PDI measured Sauter mean diameter (SMD) varied in the spray plane. As a result, an alternate way of taking data was explored and an approach in which the sample volume was scanned through the spray in real time was established and implemented. During the metal spray run, the sample volume was scanned through the spray along either the X or Y direction (Figure 1 ) by using an X-Y motorized traverse system. The actual scanned locations, such as starting and terminating positions of measurements, were recorded by an X-Y digital readout. Due to the optical access limitations, data acquired during the experiments were from X ϭ ϩ80 mm to X ϭ Ϫ40 mm along the liquid delivery nozzle slit opening direction (X traverse) and Y ϭ ϩ70 mm to Y ϭ Ϫ30 mm along the direction perpendicular to the liquid nozzle slit (Y traverse). Figure 3 shows a schematic of the linear atomizer assembly used in the present study. Although the nozzle was designed to provide flexibility in the relative angle and axial location of the atomizing gas jets to the liquid, the baseline atomizing angle was chosen as 45 deg for the present study. The dimensions of both the linear gas atomizer slit and the liquid delivery nozzle slit were 0.508 ϫ 50.8 mm. The relative distance between the gas atomizer exit and the liquid nozzle tip was about 7.6 mm. Figure 4 shows the geometry of the liquid delivery nozzle and the X, Y coordinate system (also shown in Figure  1 ) used for the study. The X corresponded to the direction along the slit opening, Y corresponded to the direction perpendicular to the slit opening, and Z (not shown in Figure  4 ) represented the vertical distance away from the exit of the liquid delivery nozzle.
III. RESULTS AND DISCUSSIONS
As discussed in the previous sections, metal powder droplet size distribution and velocity significantly influence the shape of the deposited material, solidification behavior of the droplets, and microstructural evolution of the deposited material. In the sections that follow, results of size and velocity distributions of metal powder droplets obtained by PDI and size distribution of powder droplets established by laser diffraction and sieving are presented and discussed.
Droplet size characteristics can be described in various representations. The phase Doppler particle analyzer directly measures the diameter of individual droplets, resulting in a size distribution. Various characteristic diameters such as numerical (arithmetric) mean diameter (D 10 ), ''surface mean'' diameter (D 20 ), ''volume mean'' diameter (D 30 ), and SMD (D 32 ) can then be determined. Unfortunately, some of the characteristic diameters are referred to as means, when some are, in fact, not means in the statistical sense. For example, D 20 and D 30 are not means based on a statistical definition but are useful characteristic diameters, as explained subsequently. The general expression for characteristic diameters was given as [33] 
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METALLURGICAL AND MATERIALS TRANSACTIONS B a characteristic diameter with dissimilar orders of p and q. The distribution D 20 represents the diameter of a droplet whose surface area times the total number of droplets, N, is equal to the total surface area of the entire spray. The distribution D 30 represents the diameter whose volume times the number of droplets, N, is equal to the total volume of the entire spray. The SMD, D 32 , is used to represent the size of a droplet that has the same ratio of surface area to mass (or volume) as that of the entire spray. [10] The SMD is often quoted in the characterization of metal powders, because its surface area dependency provides a useful droplet shape dependency and its volume dependency characterizes heat content of the droplet. [10] A. Single Point Characteristics of Droplet Size and Velocity Phase Doppler interferometry has the ability to provide a time history of the droplet size and velocity measurements. [34] Time-resolved measurement of the droplet velocity is critical in modeling prediction of droplet solidification behavior, because it can impact the heat transfer between the droplets and the surrounding gas phase. Figure 6 gives the results of droplet axial velocity and size with time and the correlation between the axial velocity and size at a single point for a single run. The relatively invariant timedependent responses of the droplets and velocities, shown in Figures 6(a) and (b), indicated that the droplet axial velocity and size distribution were relatively invariant throughout the atomization run. The correlation between the axial velocity and droplet diameter ( Figure 6 (c)) indicated that the smaller droplets had a higher axial velocity than the larger droplets at this measurement point.
B. Line Characteristics of Droplet Size and Velocity
Phase Doppler interferometry is a spatially resolved single droplet counting technique. As a result, extensive and tedious measurements would be needed if characterization of the entire spray were required. In the current experiment, the luxury of continuous flow is not available, so this problem is further exacerbated. To improve efficiency, line scanning through the spray was used to characterize the droplet size and velocity and to provide more understanding of droplet size and velocity variation trends throughout the metal spray. The relatively invariant time-dependent responses of the droplets and velocities, as discussed in Section A, help support the validity of this application. Figures  7 and 8 show the results obtained from X-direction scanning Table II , the PDI measured mean velocity and corresponding rms for the entire sample were 47.3 and 21.3 m/s in the X direction (Figure 7(c) ) and 47.3 and 17.6 m/s in the Y direction (Figure 8(c) ), respectively. Figure 9 , however, shows the droplet axial velocity distribution with position along the X direction (Figure 9(a) ) and along the Y direction (Figure 9(b) ), indicating a narrower distribution range of velocity in the X direction. Since the sampling period at any given location was constant, a broader distribution indicated larger gradients; that is, the axial velocity distribution along the X direction was more homogeneous than that in the Y direction. In Figure 9 (b), it was apparent that the distribution along the Y direction was truncated on the left side due to physical limitation of the optical window. Because the spray was geometrically symmetric in both the X and Y directions, it can be predicted on the basis of the comparison of Figures 9(a) and (b) that the geometrical spread of the metal spray was wider in the Y direction than that in X direction at the location of Z ϭ 152.4 mm. This was attributed to the atomizing gas flow spreading in the Y direction due to the linear atomizer slit geometry and the spray atomization direction.
Comparison of the characteristic diameters obtained along the X and Y directions is shown in Table II . The D 10 (43.6 m) in the X direction (Figure 7(a) ) was larger than (Figure 8(a) ), indicating that the relative fraction of small size powder in the Y direction of the spray is higher than that in the X direction. The ratio of D 30 to D 10 , an indicator of the spread of the size number distribution, [10] showed that the droplet size along the X direction (D 30 /D 10 ϭ 1.713) exhibited a narrower distribution than that along the Y direction (D 30 /D 10 ϭ 1.864). This is attributed to the breakup process, which results in a long core of material along the X direction, which gives rise to larger droplets. Along the Y direction, the greatest shear is available, thus leading to the finest droplets at the edges of the spray. As in Figure 5(b) , the volume histogram plots in Figures 7(b) and 8(b) revealed isolated events in the diameter size contributing a significant amount of volume to the sample. After extensive evaluation, it was concluded that the isolated events appeared to be actual droplets. This illustrates a need to carefully assess the statistics of the process to ensure that adequate samples are obtained. With more sampling time, the likelihood of observing these infrequent droplets increased. This must be considered in the current applications since the run duration was inherently short. Figure 10 shows the correlation between the axial velocity and the size of droplets in both scanning directions. The results indicate that the axial velocity for the larger droplet size range, for example, for the droplets with sizes larger than 100 m, in the Y direction exhibited a broader distribution than that in the X direction. Note also the bimodal nature along the X direction (Figure 10(a) ). This was attributed to the global motion of the gas inside the spray chamber, which tended to recirculate metal powders.
Characteristics of PDI point and line scanning measurements can be summarized with a comparison of characteristic diameters and mean velocities. This was carried out for run 13 (X ϭ 20 mm, Y ϭ 0, and Z ϭ 152.4 mm) and run 19 (along X direction, Y ϭ 0, and Z ϭ 152.4 mm) at a pressure of 310 kPa. Based on Table II , droplet size and velocity distribution for both point (run 13) and line (run 19) can be compared. The SMD and mean axial velocity were similar for both conditions. The mean velocity, for example, was 47.1 m/s (run 13) and 47.3 m/s (run 19), respectively. Other parameters, such as D 10 , D 20 , D 30 , and the rms of the axial velocity, however, were significantly different. The axial velocity rms, for example, was 8.9 and . This is not surprising and illustrates that the particle size distribution varies throughout the spray. This must be accounted for in a proper model or optimization process.
C. Influence of Atomization Pressure on Droplet Size and Velocity
Results of powder droplet size, volume histogram, and axial velocity distributions and correlations between axial velocity and size along the X direction for different atomizing gas pressures of 310, 345, and 379 kPa are summarized and compared in this section. Note that the data at 379 kPa were obtained over the range of X ϭ Ϫ40 to ϩ65 mm rather than Ϫ40 to ϩ80 mm. Figure 11 shows the numerical mean diameter (D 10 ), volume mean diameter (D 30 ), and SMD (D 32 ) obtained at atomizing gas pressures of 310, 345, and 379 kPa (also listed in Table II ). The D 10 , D 30 , and D 32 decrease with increasing atomizing gas pressure. Figure 12 shows the number frequency distribution of powder sizes for three atomizing gas pressures. The standard deviation for the number distribution can be calculated to characterize the spread of droplet sizes using the following equation:
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where n is the standard deviation for the number distribution. The terms D 20 and D 10 are the surface mean diameter and numerical mean diameter, respectively (listed in Table II ). The standard deviations at atomizing gas pressures of 310, 345, and 379 kPa, calculated using Eq. [2] , were 39.3, 29.25, and 26.99 m, respectively. This shows that not only does the average size reduce with increasing gas pressure but so does the width of the size distribution. Figure 13 , the droplet size distribution with position for different gas pressures, can provide a direct comparison that the width of the size distribution reduced with increasing gas pressure. As gas pressure increases, the relative fraction of the smaller size range of droplets in the spray increases ( Figure 12 ). Further comparison of the droplet size distribution between Figures 12(a) and (b) indicated that the maximum droplet diameter was decreased at high atomizing gas pressure. Figure 14 presents the volume histogram distribution at three atomizing gas pressures. It is apparent that the position of the peak of the volume histogram plot shifts to smaller values as the atomizing gas pressure increases. Figure 15 presents the results of the axial velocity, which showed that the bimodal axial velocity behavior increased with increasing atomizing gas pressure. A small peak in axial velocity formed around zero. This was attributed to the larger gas momentum for the higher gas pressure cases, which resulted in more pronounced large scale motion within the spray chamber and in turn allowed droplets to be recirculated more easily. This phenomenon was verified by video recordings, which revealed more severe droplet recirculation at higher atomizing gas pressures. In Figure  15 , it can also be seen that the position of the large peak of the mean axial velocity was shifted toward the right, indicating that the mean droplet velocity increased with increasing atomizing gas pressure. The peak velocity increased from about 45 to 55 m/s as the atomizing gas pressure increased from 310 to 379 kPa. Figure 15 also indicated that the atomizing gas pressure had little influence on the shape of the primary distribution of axial velocity. To further understand the influence of atomizing gas pressure on the droplet axial velocity and distribution, a com- parison of mean axial velocity and corresponding rms was carried out, as shown in Figure 16 . The results show that the mean axial velocity increased as the atomizing gas pressure was increased. The rms, however, remained almost consistent, suggesting little change in the spread of the axial velocity distribution.
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D. Postrun Analysis of Spray Droplet Size Distribution Using Sieving and Diffraction
The droplet size distribution in the atomization process has been extensively investigated. The spread of the droplet size determines the yields of powders within a specified size range. [35] It has been documented that atomized powders can exhibit monomodal, such as log-normal or normal distribution, [35, 36, 37] bimodal, [9] and multimodal [38, 39] size distributions. In general, however, metal powders produced by gas atomization obey log-normal distribution statistics. [35, 36, 37] 1. Powder size distribution by sieving method Figure 17 shows the cumulative undersize distributions of powders produced at various atomizing gas pressures. The results demonstrated that the curve shifted toward the finer size value as the atomizing gas pressure increased, which indicated that the powder size was refined with increasing atomizing gas pressure. The mass median diameter (d 50 ), determined from Figure 17 and listed in Table III, showed that the mass median diameter decreased as atomizing gas pressure increased. Figure 18 presents the cor- relation of powder weight percentage with powder size range. In Figure 18 , it can be seen that the percentage of the smaller powder size range increased with increasing atomizing pressure, whereas for the larger powder size range, the weight percentage was higher for lower atomizing gas pressure. The sieving distribution of powder sizes indicated that bimodal or multimodal distribution of powder size occurred on the basis of the weight percentage with powder size. Because the size of the sieving screens is not equally discretized, the frequency distribution of the powder weight percentage obtained by the mechanical sieving method may not accurately represent the actual continuous distribution of the number frequency of powder weight percentage against powder diameter. Another form of representation of the cumulative number with powder size, as shown in Figure 19 for atomizing gas pressure of 310 kPa, showed a straight line behavior. This was consistent with previous results suggesting that the powder size exhibited a log-normal distribution. [10, 36, 40] 2. Powder size distribution by laser diffraction Alternatively, another optical technique, laser diffraction, can be applied to the collected sample. Laser diffraction is a technique that measures a group of droplets as a whole distribution, and so it is also referred to as ensemble laser diffraction. [41, 42, 43] In laser diffraction technique, the diffraction component of scattered light, generated as the droplets move across the laser beam, is collected to determine the size of a droplet. [41, 42, 43] Among the three forms of the scattered light (diffracted light, reflected light, and refracted light), diffracted light exhibits the least sensitivity to droplet shape and optical properties. For characterization of the droplet size and distribution in the entire spray, a commercial unit Insitec Ensemble Particle Concentration and Size (EPCS) system was used in the present study. Figure 20 shows the off-line laser diffraction measurement of the powders produced in run 17 at 379 kPa. The cumulative volume and volume frequency of the droplets were presented, indicating a monomodal distribution. A laser diffraction instrument measures the diameters relating to the volume of droplets such as Dv (10) , Dv(50) , Dv(90) , and D 32 . For example, volume median diameter Dv(50) is a diameter at which 50 pct of the total droplet volume is in droplets of smaller diameter. [33] Figure 21 gives the laser diffraction results of the preceding diameters for runs 17 through 19 at the gas pressure of 310, 345, and 379 kPa, respectively. It can be seen in the figure that the diameters of Dv (10) , Dv(50) , Dv(90) , and D 32 decrease with increasing gas pressure, consistent with the PDI and sieving results.
E. Comparison of SMD
The Sauter mean diameters obtained, in situ, by PDI and postrun laser diffraction and sieving can be compared. The sieving results of powders obtained at different atomizing pressures are presented in Table III . In order to characterize the entire spray, the Sauter mean diameter was calculated, on the basis of the sieving results, using the following equation: [36] 3
Σx dN
Σd
Σx dN
where d is the content (weight percentage) of powders in the size range, and is the average diameter of powders in x the size range. The calculated results using Eq. [3] are also summarized in Table III . The SMDs from laser diffraction and sieving methods were compared in Figure 22 , indicating a consistent variation with gas pressure. The difference between the SMDs obtained by diffraction and sieving may be attributed to the influence of droplet shape on the measurement results. [44] Sieving measures the narrowest droplet cross-sectional area as droplets randomly pass through the square mesh opening. Laser diffraction, however, allows a statistical sampling of all possible orientations of the droplets as they pass through the laser beam in a turbulent flow. This method, therefore, statistically randomizes the effect of droplet shape on the size distribution. [44] Note also that the Insitec EPCS diffraction instrument has the ability to measure spherical droplets and irregularly shaped droplets with an aspect ratio up to 2:1. [41] In Figure 22 , the SMDs obtained by PDI are also shown, and it can be seen that the SMDs obtained by PDI, diffraction, and sieving techniques exhibited a reasonable agreement and a consistent variation with gas pressure. Note that the PDI results were obtained, in situ, along a single line scanning through the spray (along the liquid nozzle slit), whereas the diffraction and sieving results accounted for the postrun analysis of the entire powder distribution. Due to the basic difference in sampling technique, some differences in SMD should be expected. The PDI results indicated that the finer droplets were present away from the Xand Y-axes. Therefore, it might be anticipated that the sieving results of SMD should be smaller than the PDI results of SMD, since the sieving would account for all the finer droplets in both the X-and Y-axes. The results in Table III do not, however, show a significant difference between the PDI and sieving methods. This may be explained by some larger droplets not being accounted for by PDI due to their irregular shapes. Of course, the PDI provides the opportunity for significantly more information about the spray than does the sieving.
F. Measurement Uncertainty 1. Spray repeatability As discussed in previous sections, it is useful to assume little run-to-run variation in the experiment. In order to understand the repeatability of the experiment, different linear atomization runs at an atomizing gas pressure of 310 kPa were carried out and characterized by droplet size distribution using the mechanical sieving method. Figure 23 gives the results of cumulative percentage undersize distribution of powders obtained by the sieving, indicating that three distribution curves were well matched. Table IV summarizes the variation in mass median diameters (d 50 ) and the calculated SMDs using Eq. [3] . The values of the mass median diameter and SMD for different experimental runs under the same experimental conditions were similar. 
Phase Doppler Interferometry
Measurement of the relatively infrequent large droplets and/or variation in average signal-to-noise ratios at the different atomizing pressures can affect the measurement. To resolve this issue, extensive experimental runs should be taken at the same position to determine the uncertainty associated with sampling limitations. Precise determination of the PDI measurement uncertainty, however, is not straightforward. In the current research, experiments were carried out to characterize the uncertainty relating to run-to-run measurements at the same location and same atomizing gas pressure. Figure 24 Figure 25 gives the results of the droplet axial velocity and corresponding rms for the runs presented in Figure 24 . The averaged value (67.2 m/s) of the droplet mean axial velocities and statistical standard deviation (3.97 m/s) are also shown in Figure  25 . In general, the experimental measurement uncertainty resulting from run-to-run variation was approximately ‫5ע‬ pct. Possible reasons for the observed variations in the measured mean diameter and velocity include the following: (1) slight variations in gas pressure from experiment to experiment; and (2) slight changes in sampling location, since the metal spray experiment exhibited a certain degree of spatial variation due to reassembly.
IV. SUMMARY AND CONCLUSIONS
For many years, PDI has been successfully used for simultaneous droplet size and velocity measurements in combustion and other environments. This article provides extensive PDI measurements of the droplet size and velocity in metal sprays. Uncertainties associated with the metal spray repeatability and PDI measurements were established at ‫5ע‬ pct through a series of tests. Key findings are summarized below as follows. 1. The PDI point characteristics of the metal spray demonstrated that the droplet axial velocity and size as a function of time were relatively consistent throughout the experimental run at a given measurement point. 2. The PDI line measurements provided the variation of droplet size and velocity with position (or time), delineating the spatial characteristics of the droplet size and velocity in the metal sprays. The droplet axial velocity showed a bimodal behavior and this became more apparent with increasing atomizing gas pressure, indicating that droplet recirculation became more common at higher atomizing pressures. The peak position of the axial velocity distribution was shifted toward the right, showing that the mean velocity increased with increasing atomizing gas pressure. This illustrates that the size distribution varies throughout the spray and using ensemble and overall averages may be misleading. 4. Laser diffraction and mechanical sieving methods were used for the postrun analysis of the powder size and distribution. The results indicated a consistent variation with gas pressure. The mass (volume) median diameter and the SMD, for example, decreased with increasing atomizing gas pressure. A difference resulted from diffraction and sieving may be attributed to the influence of the powder shape.
